Introduction
Bottom gas injection techniques are extensively used in the steelmaking processes. [1] [2] [3] Bubbles are successively formed at the exit of the bottom nozzle. They rise upward entraining the surrounding molten metal into their wakes, arrive at the slag-metal interface, and escape from the bath surface into the atmosphere. When the slag layer is thick and the gas flow rate is low, the molten metal carried by bubbles upward into the region near the bath surface moves outward in the radial direction and returns to the molten metal layer. As a result, a re-circulating flow is formed outside the bubbling jet. On the other hand, when the slag layer is thin and the gas flow rate is high, the molten metal reaching the slag-metal interface drives the slag away and goes further up to the bath surface. The molten metal contacts directly the gas phase on the bath surface. The cross-section of this region is nearly circular in shape on the bath surface, and, accordingly, it is usually called the spout eye or plume eye. [4] [5] [6] [7] [8] [9] [10] When the gas flow rate is further increased, the spout eye is sometimes disintegrated into some parts. The spout eye area is closely associated with the volume of the slag and affects the efficiency of the processes.
Some empirical equations have been proposed for the prediction of the spout eye area. 8, 10) The accuracy of them was not necessarily high probably because the number of parameters considered was limited. In this study, an empirical equation was proposed for the spout eye area by referring to a previous paper of the present authors for the emulsification of molten metal in the slag layer.
11) The existing and presently measured values of the spout eye area were satisfactorily predicted by this equation. Figure 1 shows a schematic of the experimental apparatus and the shape of the water column lifted up above the slag-metal interface, where V m and DH cl denote the volume and height of the water column, respectively. The diameter of the test vessel, D, is 20.0 and 50.0 cm. Water was filled in each vessel to a depth, H m , of 1.5 vessel diameters. Namely, H m ϭ30.0 cm and 75.0 cm for Dϭ20.0 cm and 50.0 cm, respectively. Normal pentane or one of three kinds of silicone oils was placed on the water. The physical properties of liquids are listed in Table 1 . The thickness of the oil layer, H s , was varied from 1.0 to 15.0 cm. Air was supplied with a compressor and injected into the bath after removing air pollutants such as oil mist. The air flow rate, Q g , was adjusted with a mass flow controller. The behavior of the spout eye was observed with a CCD camera and a highspeed video camera from the top of the bath. The images were recorded on a personal computer and then processed to determine the plume eye area. Figure 2 shows an example of the image.
Experimental Apparatus and Procedure
When the thickness of the oil layer, H s , and the air flow rate, Q g , exceeded their respective critical values, discrimination of water and oil on the bath surface became difficult because they are transparent and are highly mixed in a complex manner.
11) The data obtained under these conditions were not included in the analysis.
Experimental Results and Discussion

Existing Empirical Equations for the Spout Eye
Area Yonezawa and Schwerdtfeger 8, 9) systematically carried out model experiments using mercury and some kinds of silicone oils to measure the spout eye area. They proposed empirical equations having the following functional relationship.
where A se is the spout eye area and g is the acceleration due to gravity. They found that the spout eye area depends on These equations can satisfactorily predict their own data obtained from the cold model experiments and those from the real process. The physical properties of molten metal, molten slag, and injected gas are not considered in Eqs. (2) and (3). Recently, Subagyo et al. 10) have proposed the following empirical equation based on the data of Yonezawa and Schwerdtfeger, 8) as Eqs. (2) and (3) Equation (4) is simple but can approximate the measured values within a scatter of Ϯ100 % regardless of the nozzle diameter. However, the physical properties of molten metal, molten slag, and injected gas are not included in Eq. (4). In order to further raise the accuracy of approximation, it is necessary to gain a deeper insight into the mechanism of spout motion, and, hence, to take the physical properties of model liquids for the molten steel, slag, and injected gas into consideration. An empirical equation will be derived in the following section.
Derivation of Empirical Equation for Plume Eye
Area According to the previous paper 11) of the authors for the experiments on the emulsification of molten metal in the slag layer, the water column carried up into the slag layer is nearly parabolic in shape. The volume, V m , and the height, DH cl , of the molten metal carried by bubbles above the horizontal slag-metal interface are approximated by (8) where m and n are constants depending on the determination method of the size of the water column, r m , r s , and r g are the densities of molten metal, molten slag and injected gas, respectively, u m, cl is the rising velocity of molten metal on the centerline of the bubbling jet, z 0 is the distance from the nozzle exit to the position at which gas holdup is 50 %. Equations (7) and (8) were proposed by Castelo-Blanco and Schwerdtfeger.
12)
The cross-sectional area of the parabolic water column at a height of H s , i.e., the spout eye area, A se , is expressed by 11) A se ϭ(2V m /DH cl )(DH cl ϪH s )/DH cl ................. (9) where (2V m /DH cl ) is the bottom area of the water column. Substitution of Eqs. (5) and (6) into Eq. (9) gives (11) where a 1 (ϭ4m/n) and a 2 (ϭ4m/n 2 ) are constants. These constants are determined by comparing Eq. (11) with measured values of A se .
Determination of a 1 and a 2 in Eq. (11)
At first, Eq. (11) was compared with the data on the spout eye area measured by Yonezawa and Schwerdtfeger Figure 5 shows the presently measured values of the spout eye area. Equation (13) can also approximate the measured values within a scatter of Ϯ60 %. It should be stressed that Eq. (13) is valid even for a density ratio, r m /r s , of approximately unity, although Eq. (13) was originally derived for r m /r s of approximately 14. Figure 6 shows a comparison of Eq. (4) with the presently measured values of the spout eye area. Equation (4) can approximate the measured values less accurately than Eq. (13). This is probably because the physical properties of gas and liquids are not considered in Eq. (4).
Comparison of Empirical Equations with Presently Measured Values of Spout Eye Area
Conclusions
The spout eye area, A se , was measured using cold models. Water and silicone oil were modeled for molten steel and molten slag, respectively. An empirical Eq. (13) was derived for spout eye area, A se . The presently measured values of A se and those by Yonezawa and Schwerdtfeger were approximated by this equation within a scatter of Ϯ60 %. This equation is superior to the existing empirical equations. The reason lies in the fact that the presently proposed equation adequately includes many parameters such as the physical properties of gas and liquids that were not considered in the existing equations. 
